This paper summarizes recent progress toward an emerging, unconventional application of thermotropic liquid crystals (LCs) -their use as solvents for controlling the assembly of non-LC nanoscale building blocks. LCs offer a number of potential advantages compared to conventional isotropic solvents, including the ability to influence building block orientation and other structural properties. Strategies are reviewed for the exploitation of LC media to engineer order in a range of systems, including oriented organic monolayers, chiral films, and nanometer-scale particles.
Fig. 1 In the liquid crystal imprinting
Liquid Crystal Imprinting.
The technique of using thermotropic LC solvents to prepare organized materials composed of non-LC building blocks was first demonstrated by Mougous et al, who called the method "liquid crystal imprinting" (LCI). 6 The general approach is illustrated in Fig. 1 . When a small quantity of a molecular solute (the building block) was dissolved in a LC, they found it was possible to imprint nematic (uniaxial) order on thin films grown at the LC-solid interface. When prepared under an alignment influence such as a magnetic field or rubbed polymer alignment layer, deposited films develop uniform orientational order up to macroscopic length scales.
The LCI method has several notable characteristics. One of these is that the alignment influence (for example an external magnetic field) need not exert any direct influence on the building block at all; the field aligns the LC solvent, which in turn aligns the growing film. This permits the materials engineer to begin to separate the processes of building block design from building block assembly, treating the two as isolated optimization problems. The advantage compared to methods based on self-assembly and molecular recognition is an increased freedom to focus on the properties of the building block intrinsic to its intended function (e.g. its optical, electronic or mechanical properties, etc.), rather than on the incorporation of adjunct attributes required only for the assembly process.
LCI has been shown useful in a diverse group of systems and is expected to be applicable to many more. About 75,000 thermotropic LC compounds are known, spanning a wide range of chemical properties, transition temperatures and symmetry types. This is important both because it guarantees LC solvents can be found compatible with most building block chemistries, and because it provides for a second element of control over film structure, by tuning the chemical characteristics of the solvent to influence crystal packing, defect density, inclusions and other factors. 7 The main limitations of LCI stem from the forces and energies that characterize the LC state, which are usually very small. This restricts the scope of structural properties LC solvents can be used to influence. For example, the anchoring energy -a measure of the anisotropy in the surface tension at a LC interface -is typically 10 -5 ~ 10 -7 J m -2 , up to several orders of magnitude smaller than the energy difference between different faces of most organic crystals. LC forces by themselves are therefore not expected to influence properties such as crystal growth habit. Rather, the solvent becomes important when two or more configurations of building blocks have nearly the same energies. In such cases a LC can be used to break the degeneracy, producing assemblies with controlled organization.
Controlling Molecular Orientation in Organic Thin Films.
As a first example, we discuss the use of nematic LCs to control molecular orientation in organic monolayers. Figure 2 presents a representative case. 6 The scanning tunneling microscope (STM) image in part (a) shows a monolayer film of the fatty acid n-tetracosanoic acid on highly oriented pyrolytic graphite (HOPG) deposited from the nematic LC solvent ZLI-1565. A magnetic field, oriented parallel to the black arrow, was used to fix the orientation of the solvent director along a single macroscopic axis. In films deposited without a magnetic field, and in control samples prepared with a non-LC solvent or at a temperature where the LC solvent was isotropic, no long-range orientational order developed in the film. However when the bulk director was fixed using a magnetic field, fatty acid molecules in the monolayer tended to crystallize parallel to it. This is illustrated by the histogram in part (b) which collects STM observations of molecular orientation from numerous widely-spaced positions. The solid line running through the histogram is a fit using a model described below.
The example shown in Fig. 2 is a typical result, representative of observations made with several other solute -LC solvent combinations. 6, 8, 9 The degree orientational order in the organic monolayer is conveniently summarized using a scalar 2-dimensional order parameter
, where θ is the orientation of a crystallite measured by STM, θ is the average orientation of all crystallites, and the brackets denote an average over multiple observations.
Here s = 1 corresponds to perfect order and s = 0 to perfect disorder. The degree of order varies between systems and depends on the deposition conditions. In the example of Fig. 2 , s ~ 0.6, but in some systems films can be prepared routinely with s > 0.9.
Two different approaches have been developed for depositing monolayer organic films: (i) a direct deposition approach, wherein a solution of the LC / solute is applied directly to the substrate and the solute self-assembles or crystallizes at the interface. This was the method used to prepare the film in Fig. 2. (ii) A template approach wherein a sacrificial template film is deposited in a first step and displaced by the target solute in a second step. 9 In the template approach, a sacrificial template monolayer engineered to possess specific orientational properties (or chiral propertiessee below) is prepared using the direct deposition method. Afterwards this template can be displaced by a target solute through a process of competitive adsorption, during which some symmetry characteristics of the template can be conferred to the building block.
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For the case of monolayer organic films, the mechanism for imprinting orientational order appears to be as follows: at most interfaces LCs tend to adopt a preferred orientation -the anchoring direction. 10 If the anchoring direction above a nucleus differs from the director orientation in the bulk imposed by an external influence such as an electric field, strain energy is stored in the fluid as a distortion in the director, and a quasi-elastic torque is exerted on the nucleus. For planar anchoring, a misaligned nucleus leads to a twist distortion, as shown in Fig. 3 . The process can be modeled by considering the alignment energy of these nuclei, which in monolayer films is approximately φ
, where A depends on the LC twist elastic constant K 22 and nucleus size, W is the anchoring energy per unit area of nucleus, and φ is the angular difference between the anchoring direction above a nucleus and the orientation of the nematic director. 6 Typical values for a film of small organic molecules are: A ~ 10 2 -10 3 nm 2 , and W ~ 10 -23 -10 -25 J nm -2 , so the maximum cost of nucleus misalignment is approximately 10 -10 -3 kT per nucleus at room temperature. This can be sufficient to impart a high degree of orientational order. 
Controlling Order in Films of Nanoscale Particles
Over the past several decades numerous nanometer to micron-sized materials have been synthesized and characterized, among them various nanoclusters, nanowires, fullerenes, quantum dots, and supramolecular assemblies. The emerging "bottom-up" approach envisions the use of these fundamental building blocks to create novel nanometer to micron-scale structures in order to harness their special physical and chemical properties.
Thermotropic LCs have been known to be capable of orienting small particles for 35 years. 11 In the last 10 years, an intense effort has been focused in particular on understanding the behavior of spherical particles in nematic solvents. 12 However it is only recently that much attention has been given to the concept of using LCs to organize nanoparticles for the creation of new materials. 13, 14, 15, 16 One attraction afforded by LCs for this application is that films of oriented particles can be prepared relatively easily, and orientation can be controlled to a very high degree. A particularly simple method for doing so is illustrated in Fig. 4 . A suspension of particles in a LC is cast upon a porous membrane, which has grooves to align the director along a single axis. Draining this suspension through the membrane leaves an ordered particle film on its surface. This technique has been used for example to produce some of the most highly oriented single-wall carbon nanotubes films ever produced.
Orient with magnetic or electric field, or substrate grooves Draw solution through pores Fig. 4 . Highly oriented films of small particles can be produced relatively simply using LC solvents by casting a suspension through a porous membrane filter, leaving a layer of particles on its surface. The AFM image shows a film of multi-walled carbon nanotubes produced by this method (50 x 50 µm). From Ref.
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The orientation of particles in the LC solvent depends on a number of factors, including their surface chemistry and choice of LC solvent. 13 By varying these parameters, more complex, multi-layered films can be prepared with, for example, alternating particle orientation between layers. Spatially inhomogeneous arrangements of particles can also be produced, using patterned electrodes. This has been demonstrated for both single-and multiwalled carbon nanotubes, where a localized electric field was used to orient the LC director and connect a pair of electrodes with carbon nanotube wiring. 14 
Controlling Chirality in Molecular Films
For over 150 years understanding and controlling chirality has been an important objective in natural science. 17 Chirality affects the performance of many chemical, biochemical, and physical systems, and therefore chiral control has widespread application. 18, 19 Many compounds which are achiral in 3D can still form chiral surfaces when adsorbed to a solid substrate. In such cases chirality emerges due to a reduction in symmetry caused by either hindered conformational mobility or by specific interactions driving the formation of chiral molecular arrangements. Chirality can occur at the molecular level, or at the supramolecular level, in the form of chiral conglomerates. These phenomenon are now well established, and have been experimentally observed in dozens of different systems. 19, 20, 21, 22 On the basis of symmetry arguments, one can show that any molecule in the C nh , C s or C i point groups (which are achiral in 3D) has the potential to form a chiral surface if adsorbed with the proper orientation in 2D. 20, 21 In addition, compounds with other symmetries can form chiral supramolecular patterns, even if the individual adsorbates are not themselves chiral.
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These processes however always lead to the formation of pairs of energetically equivalent enantiomorphs. Consequently, surfaces covered by multiple microscopic molecular domains are racemic on a macroscopic scale, since left-and right-handed regions form in equal numbers.
To produce films with a net excess of one enantiomorph over the other -a prerequisite for many applications of chiral surfaces -a further reduction in symmetry is required. Heretofore, such homochiral surfaces have always been produced by introducing a chiral component of some kind, such as a chiral adsorbate, reactant or catalyst, or by slicing crystals along high index faces.
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In this subsection we review how LCI can be used for the preparation of macroscopically homochiral films without any chiral inputs; instead the chiral symmetry is systematically broken using the LC solvent to induce a preferred in-plane orientation of adsorbed molecules on an achiral single crystal substrate.
Due to their uniaxial symmetry, nematic solvents are only able to directly influence orientational order in thin films. To extend control to include additional elements of order, additional constraining influences are required. The additional influence is provided by the substrate, which through careful experimental design combines with the LC solvent to create conditions in which a single enantiomer minimizes the energy.
To understand how this occurs, consider the object and its mirror image in Fig. 5 , shown adsorbed on the (0001) graphite surface. The object belongs in the C 2h point group and hence in 3D is achiral, but in 2D it is chiral, because it cannot be superimposed on its mirror image without leaving the plane. 23 Suppose that this object forms a crystalline monolayer, with the stick-like tail in registry with the substrate. On graphite (0001) with its 3-fold symmetry, there are six energetically equivalent ways to arrange the object (3 substrates orientations) x (2 enantiomorphs). In the absence of any other influence, all six configurations would be degenerate, and a macroscopic film would be racemic. If a uniaxial alignment influence such as that created by a nematic LC solvent is applied which causes one in-plane orientation to be more favored than others, there will generally exist just one configuration -and hence one chirality -which orients the object most nearly parallel to the influence, while maintaining registry of the tail with the substrate. Application of the uniaxial influence breaks in-plane orientational symmetry, and hence chiral symmetry as well, producing a macroscopically chiral film. Moreover, by varying the in-plane orientation of the uniaxial influence, configurations of either absolute chirality can be selected by design, as can the enantiomeric excess, by orienting the uniaxial influence part way between two minima.
The first demonstration of chiral control via LCI involved a film of the compound 4'-octyl-4-cyanobiphenyl (8CB) on single crystal graphite. When placed in contact with graphite 8CB forms a single, polycrystalline monolayer at the interface between the substrate and bulk fluid supernate. 24 Molecules in the monolayer organize as shown in Fig 6 , with the long molecular axis lying in the substrate plane. The unit cell contains eight molecules, in registry with the mirror plane substrate, and aligned in an antiparallel configuration resulting in a cancellation of dipoles. Registry is driven by an interaction between the alkyl tail and graphite; tails always orient along one of the three graphite <1100> directions of a form. 25 In 3-dimensions 8CB is achiral, but when the molecule is confined to two dimensions upon adsorption, hindered conformational mobility, combined with the presence of the substrate, breaks the mirror symmetry and surfaces become chiral. The two enantiomorphs phase separate into purely left-or right-handed domains measuring a few hundred nanometers in size.
8CB is also a room temperature smectic-A liquid crystal. The system therefore represented the simplest implementation of the concept proposed above, in which the adsorbate had the same identity as the LC solvent.
When an 8CB monolayer crystallizes on graphite, six energetically equivalent configurations are observed with scanning tunneling microscopy (STM): (three distinguishable orientations) x (two enantiomorphs). Figure 6 shows two of the six possible configurations; the other four are derived from these by rotating ±60° in the plane. All six configurations normally to occur with equal frequency, and hence in the absence of an external perturbation 8CB films are racemic. 25 To break the degeneracy among configurations, samples were prepared by applying a 1.2 T magnetic field parallel to the substrate as a droplet of 8CB was placed on the graphite (0001) surface, heated to above its isotropic transition temperature, then gradually cooled to room temperature. Orientational order is imprinted on the monolayer by the mechanism described in the introduction. Although strong enough to produce well-aligned films, the orientational energy of the magnetic field was small compared to the strength of intermolecular and molecule-substrate interactions, so the arrangement of 8CB molecules within the unit cell, and registry of molecules with the surface were unaltered from reference samples prepared in the absence of any field. The outcome of applying a magnetic field was therefore to select some of the six possible configurations as being most favored. The preferred configuration for a particular field direction was generally observed to be one which oriented the cyanobiphenyl headgroups as nearly parallel to the field as possible, while maintaining registry of the alkyl tails along one of the graphite <1100> directions of a form.
When films were deposited in a magnet, one configuration could be made to be more favored -and the others less favored -by changing the field orientation. Two representative examples are shown in Fig. 6 , where the field was rotated by -19° and +19° from <1100>, respectively. The symmetry between configurations was broken, producing a film with a net excess of one enantiomorph over the other.
The outcome of this effect is summarized in the histogram, which shows the overall enantiomeric excess
for several field orientations measured by STM. Here P x is the experimental probability of observing a right-or left-handed domain. The enantiomeric excess oscillates between right-and left-handed surfaces with a repeat period of 60°. At the extrema ee > 0.6, meaning more than 80% of the surface was covered by a single enantiomorph. Simply by changing the orientation of the field the absolute chirality and enantiomeric purity of the film could be engineered over a wide range of values.
The model outlined above in the Liquid Crystal Imprinting section can be used to quantitatively describe the variation in chirality. In an earlier study AW/2 was measured and found to equal 25 kJ mol -1 in this system. 6 From this the probability of observing a given configuration can be estimated by assuming an equilibrium distribution as 
Summary.
Recent research investigating the use of thermotropic LC solvents for preparing organized assemblies of nanoscale, non-LC building blocks demonstrate they offer a number of potential advantages compared to conventional isotropic solvents for influencing building block orientation and other structural properties. They enable comparatively simple processing techniques, can be used with a wide range of different building blocks, and are compatible with strategies for localized patterning and control over organization.
